Volatile phytochemicals play a role in orientation by phytophagous insects. We studied antennal and behavioral responses of the Asian citrus psyllid, Diaphorina citri, vector of the citrus greening disease pathogen. Little or no response to citrus leaf volatiles was detected by electroantennography. Glass cartridges prepared with β-ocimene or citral produced no response initially but became stimulatory after several days. Both compounds degraded completely in air to a number of smaller molecules. Two peaks elicited large antennal responses and were identified as acetic and formic acids. Probing by D. citri of a wax substrate containing odorants was significantly increased by a blend of formic and acetic acids compared with either compound separately or blends containing β-ocimene and/or citral. Response surface modeling based on a 4-component mixture design and a 2-component mixture-amount design predicted an optimal probing response on wax substrate containing a blend of formic and acetic acids. Our study suggests that formic and acetic acids play a role in host selection by D. citri and perhaps by phytophagous insects in general even when parent compounds from which they are derived are not active. These results have implications for the investigation of arthropod olfaction and may lead to elaboration of attract-and-kill formulations to reduce nontarget effects of chemical control in agriculture.
Introduction
Plants produce volatile organic compounds (VOCs) such as monoterpenes, sesquiterpenes, terpenoid alcohols, acetates, and aldehydes by multiple metabolic pathways. They contribute to plant odor plumes involved in attraction of insects (Beyaert and Hilker 2014) . Plant catabolic processes can break down and release these compounds as lower chain aldehydes, ketones and carboxylic acids by oxidative pathways (Oikawa and Lerdau 2013) . Catabolism and degradation of VOCs can result from plant stress, environmental stress, herbivore attack, plant-atmosphere interactions, etc., and can have important implications for plant-plant signaling and plant-insect interactions. For example, plants produce methanol as a byproduct of cell wall metabolism that is emitted at high levels during plant growth (Fall and Benson 1996; Hüve et al. 2007 ). Enzyme-mediated oxidation of methanol in plants produces formaldehyde that can be further oxidized to formic acid and CO 2 (Cossins 1964) . Ethanol, acetaldehyde and acetic acid are also produced during primary metabolism. Under stress conditions, ethanol can be transported from roots to leaves and undergo enzyme-mediated oxidation to acetaldehyde and acetic acid (Kreuzwieser et al. 1999 (Kreuzwieser et al. , 2001 ). The emission levels of these catabolic byproducts can be regulated by ozone (O 3 ) levels, stress conditions, pollution and freezing events (Kimmerer and Kozlowski 1982) as well as pests or diseases. Measurements of net ecosystem exchange (flux) of ethanol, acetaldehyde and acetic acid above an orange grove (Citrus sinensis) found higher net fluxes of acetaldehyde and acetic acid compared with ethanol. The ratio of catabolite (acetaldehyde, acetic acid) was found to be 676% and 311% greater, respectively, than the precursor (ethanol) (Park et al. 2013 ). Increased flux rates of catabolic or degradation byproducts such as acetic acid and formic acid may act as significant olfactory cues for insect herbivores including pathogen vectors.
Host plant finding is of paramount importance for phytophagous insects to fulfill their nutritional requirements and to find suitable oviposition sites (Bruce et al. 2005) . Orientation of Diaphorina citri Kuwayama to host plants appears to be multimodal and includes visual, auditory and as yet unidentified chemical cues (Wenninger et al. 2009a (Wenninger et al. , 2009b Rohde et al. 2013) . Olfactory cues based on VOCs and their catabolic byproducts or abiotic degradation products may play an important role in host finding and feeding behavior of insects (Visser and Yan 1995; Raguso and Light 1998; Hansson et al. 1999; Tol and Visser 2002) . Peripheral olfactory systems of insects consist of antennae and maxillary or labial palps that house olfactory receptor neurons (ORNs) important in the detection of host volatiles. Electrophysiological responses from insect antennae are processed and integrated within neural glomeruli in the insect brain resulting in behavior (Bruce et al. 2005) . Onagbola et al. (2008) characterized eleven morphologically unique sensillae on the antennae of male and female D. citri. Some of these were identified as porous sensilla trichoidea and rhinarial plates with a likely olfactory function . The olfactory funtion of these was subsequently proven electrophysiologically with single sensillum recordings (Coutinho-Abreu et al. 2014a) .
Diaphorina citri is a vector of the causal pathogen of the devastating citrus greening disease (aka huanglongbing in Chinese or HLB). The disease is caused by fastidious, phloem-restricted bacterium (Candidatus Liberibacter spp.) whose symptoms include chlorotic leaf mottling, shoot dieback, small, misshapen and bitter fruit and eventual tree death (Gottwald et al. 2007 ). The vector was first reported in Florida in 1998 (Halbert 1998) followed by the confirmation of HLB in Florida in 2005 (Halbert 2005 ). Adult D. citri feed on various leafy parts of rutaceous plants but oviposition and nymphal development require tender young leaves and shoots. Host selection and feeding behavior are influenced by host plant volatiles (Halbert and Manjunath 2004; Bove 2006) . Constitutive host plant volatiles and their role in host plant finding have been studied extensively for members of the Liviidae (Moran and Brown 1973; Nehlin et al. 1994; Soroker et al. 2004; Cen et al. 2005; Nissinen et al. 2008; Rouseff et al. 2008; Patt and Sétamou 2010; Onagbola et al. 2011; Patt et al. 2011; Poerwanto et al. 2012; Robbins et al. 2012) .
Volatile stimuli emitted by flushing shoots may play an important role in the detection, location, and evaluation of potential host plants by D. citri (Patt and Sétamou 2010; Sule et al. 2012) . Mann et al. (2012) reported that citrus plants infected with HLB were more attractive to D. citri than noninfected plants, possibly due to higher amounts of methyl salicylate released from infected compared with healthy plants. Induced release of methyl salicylate by psyllid feeding may act as a conspecific cue that could lead to increased transmission of the HLB pathogen (Mann et al. 2012 ).
Very little is known about the orientation of D. citri to host plant volatiles or of insects in general to the degradation products of host plant volatiles. In the literature of insect-plant interactions, degradation products of headspace volatiles have not been considered as insect kairomones. Instead, the primary focus has been on phytochemicals as they are released by the plant (Metcalf and Metcalf 1992) . The current study reports a convenient method for recording electroantennograms (EAGs) from whole insect preparations of D. citri. We screened common host plant volatiles previously identified from headspace collected over young leaves of Rutaceae species of varying susceptibility to D. citri (Patt et al. 2011; Poerwanto et al. 2012) . We report for the first time antennal response of D. citri to formic and acetic acids formed as degradation products of constitutive terpenoids. Oxidative byproducts such as formic and acetic acids produced from citrus VOCs may act as olfactory cues for D. citri to locate stressed plants that are more susceptible to insect attack and infection by the HLB pathogen. Antennal responses of D. citri to plant volatiles and their degradation products are discussed. Our results suggest that formic and acetic acids, possibly arising as degradation products from host plant volatiles or directly emitted by plants, may serve as important orientation cues for phytophagous insects and disease vectors.
Materials and methods

Asian citrus psyllids
A healthy (HLB-free) colony of D. citri was maintained at the US Horticultural Research Laboratory, Fort Pierce, FL. Insects were reared on seedlings of Citrus macrophylla Wester and maintained at 28 °C, 14:10 L: D. All insects used for recordings were adults between 8 and 10 days old.
Electroantennography
Individual D. citri adults were placed in the large end of 10 µL plastic pipette tips (USA Scientific) from which the tip had been cut so the resultant opening provided room for the head and antennae of the psyllid to project (Figure 1 ). Psyllids were placed in the large opening of the pipette tip and allowed to move upward toward the smaller opening. Using a small piece of cotton wool, psyllids were gently pushed partially through the small end of the plastic pipette tip until the head and antennae were exposed. The pipette tip was threaded to a custom stage (Figure 1 ) that held the psyllid in place prior to placement of electrodes. A filtered and humidified airstream passed over the antenna at 30 cm/s. Glass electrodes were created by pulling glass capillary cartridges (World Precision Instruments, TW150-4, 1.5 mm OD, 1.12 mm ID) in a capillary puller (World Precision Instruments) and then filling them with 0.5 M KCl. Lengths of silver wire (0.5 mm diameter, Alfa Aesar) were inserted through the glass electrode holder and into the KCl solution. Using micromanipulators, the indifferent electrode was inserted into the back of the insect's head; the recording electrode encircled the distal end of the antenna as described by Wenninger et al. (2009b) . A Kombi-Probe amplifier (Syntech) was used to acquire the signal from the antenna. The signal from the amplifier was conditioned using a Syntech IDAC-4 interface (Syntech). Signals acquired from the IDAC-4 were displayed and stored on a computer running Syntech software.
(2 g) was extracted with 100 mL of methanol:water (3:1). The aqueous methanolic extract was back-extracted 3 times with 50 mL aliquots of 1:1 ether:hexane. The combined extracts were dried over anhydrous sodium sulfate, concentrated and analyzed by GC-MS (Figure 2 ).
To test for direct release of acetic and/or formic acids by citrus plants, potted plants of three citrus genotypes were placed in separate glass collection chambers (0.2 m × 0.8 m, Analytical Research Systems, Inc.): C. macrophylla and two varieties of sweet orange, C. sinensis (Valencia and Madam Vinous) . Headspace volatiles were collected using SPME (50 mm Carboxen/PDMS/DVB fiber) exposed for 1 h through a sampling port 1 h after introduction of the plants into the chambers and daily thereafter up to day 7. Condensate that appeared on the glass walls of the collection chamber was collected on filter paper, placed in a 20 mL sampling vial and sampled by SPME for 1 h. Controls consisted of a chamber containing an identical pot with soil but no plant and a chamber into which 10 µL each of acetic and formic acid were introduced and allowed to volatilize. Samples were analyzed by coupled gas chromatograph-mass spectroscopy (GC-MS) using a ThermoElectron Trace GC coupled to a DSQII quadrupole MS. The GC-MS was equipped with a PTV injector operated in CT-splitless mode at 250 °C. After 2 min, the split and purge vents were pened with the split vent flow at 20 mL/ min and purge vent flow at 3.5 mL/min. The oven program started at 10 °C for 4 min then increased at 4 °C/min to 280 °C with a 10 min hold. The MS was scanned for the first 5.5 min from m/z 10 to 200, then from 5.5 to 40 min from m/z40 to 400, and 40 min from m/ z50 to 550. The MS source was maintained at 220 °C and the GC transfer line at 300 °C. Chromatogram showing major odorant peaks from injection of a concentrated 1:1 ether hexane back extraction of aqueous methanolic extracts of young leaves of Citrus macrophylla, a preferred host of Diaphorina citri. Neral and geranial (double bond isomers together known as citral) and (Z) and (E)-β-ocimene were used in odorant degradation studies as they consistently showed degradation in glass cartridges under laboratory conditions. 1, α-pinene; 2, β-myrcene; 3, limonene; 4, (Z)-β-ocimene; 5, γ-terpinene; 6, linalool; 7, β-citronellal; 8, neral; 9, geranial; 10, citral; 11, δ-elemene; 12, isocaryophyllene; 13, α-humulene; 14, murolene; 15, dibutylhydroxytoluene; 16, germacrene B.
To determine antennal responses to individual odorants, log doses of purchased odorants were prepared in methylene chloride. Stimulus cartridges were prepared for electroantennography by pipetting 10 µL of each of the various odorant doses onto 0.75 cm × 3 cm strips of filter paper (Whatman No. 1) before insertion into glass Pasteur pipettes (14.5 cm). Pipettes were capped at both ends with 1000 µL disposable plastic pipette tips briefly exposed to flame to close the distal end. Stimulus cartridges were prepared fresh for each recording or allowed to age as described under EAG response to degradation products of citral and β-ocimene. The volatile contents of stimulus cartridges were wafted over the insect preparation by removing the pipette tip caps and connecting the large end of the Pasteur pipette to tubing connected to a Syntech Stimulus Controller (Syntech) that, upon actuation, delivered a 1 mL puff of filtered and humidified air through the stimulus cartridge and into the airstream 2 cm upwind from the insect.
For each recording, a blank stimulus cartridge containing filter paper was puffed over the antennae to control for nonspecific signals from mechanoreceptors reacting to pressure changes associated with the stimulus puff. The nonspecific response from the corresponding run was subtracted from antennal response values. One mg of formic acid (10 µL of 100 µg/µL) pipetted on to filter paper was puffed at the end of each recording as a positive control, given its known activity. In the initial experiment, 24 chemical odorants known to be present in citrus leaf extracts or volatiles, or that had elicited behavioral response from psyllids were tested (Table 1 ). All compounds were tested against one antenna of each of 3 male and 3 female D. citri.
EAG experiments were also performed using log doses (100 ng, 1 µg, 10 µg, 100 µg, 1 mg, 10 mg) of citral, β-ocimene, geranyl acetate, linalyl acetate, neryl acetate, β-caryophyllene, acetic acid, and formic acid (Sigma-Aldrich). Citral is any blend of its geometric isomers (Z, E) referred as neral and geranial, respectively. For odorant preparations and detection by EAG of citral and β-ocimene, the commercially available isomeric blends were used. Detection by gas chromatogram-coupled electroantennography (GC-EAD) allowed for antennal discrimination of the individual isomers. The individual odorants for EAG were prepared by serial dilutions in methylene chloride. Ten microliters of each dilution were placed on filter paper strips and allowed to dry in a fume hood before insertion into glass Pasteur pipettes. One antenna from each of 4 male and 4 female D. citri were tested against log doses of each odorant. A new set of log dose pipettes was used for each insect. Log doses were tested beginning with a methylene chloride control, followed by 100 ng, 1 µg, 10 µg, 100 µg, 1 mg, and 10 mg of odorants, and finally followed by 1 mg of formic acid as a positive control.
EAG response to degradation products of citral and β-ocimene
Stimulus cartridges were prepared with citral or β-ocimene [(Z-) and (E-) isomers] tested at 0, 3, 6, and 9 days after preparation. Both compounds were tested at 100 µg, 10 mg, and neat by applying 10 µL of each dilution to filter paper strips. For the neat dose, 10 µL of pure odorant (99.7% or 95%) (Sigma-Aldrich) was applied directly to the filter paper strips. The aged cartridges were puffed over one antenna of each of 4 male and 4 female D. citri. A new set of pipettes was used for each individual. A negative control (methylene chloride) was puffed at the beginning of each run. One milligram of formic acid was puffed at the end of each run as a positive control.
GC-EAD analysis
The GC-EAD system consisted of an Agilent 7890A GC equipped with a SOLGEL-WAX capillary column 30 m × 0.25 mm (ID) × 0.25 μm film (SGE Incorporated) and a post-column glass Y-tube splitter (Supelco) dividing the column effluent in a 1:1 ratio between the flame ionization detector (FID) and a heated (200 °C) EAD transfer line (Syntech). The heated transfer line emptied into a charcoalfiltered, humidified air stream (30 cm/s) that carried the effluent over the antennal preparation. Lengths of deactivated column (0.32 mm ID) were used to carry the column effluent from the Y-tube splitter to the FID and into the humidified air stream. EAG and FID signals acquired from the IDAC-4 interface were displayed and stored on a computer running Syntech GC-EAD software. At the start of each GC-EAD run, the GC oven temperature was held at 35 °C for 3 min, increased to 260 °C at 15 °C/min with a 10 min final hold. Injector and FID temperatures were 220 °C and 300 °C, respectively. Splitless injection was used with helium as the carrier gas at 2 mL/ min. Additional makeup helium gas was added before the effluent splitter at 10 mL/min.
Antennally active peaks from the aged citral or β-ocimene were identified via GC-EAD by extracting filter paper strips from stimulus cartridges that had been aged for 10 days. Filter paper strips from 10 aged cartridges of each compound were soaked in 4 mL of methylene chloride solvent for 24 h. Filter paper strips were removed and the remaining extract was concentrated to 1 mL under nitrogen. For each GC-EAD analysis, 1 μL of extract was injected. One antenna from each of 2 male and 2 female D. citri were tested against each extract. 0.04 ± 0.09 0.12 ± 0.14 Lauric acid 0.14 ± 0.23 0.02 ± 0.01 Myristic acid 0.00 ± 0.00 0.00 ± 0.00 Pentadecanoic acid 0.00 ± 0.00 0.11 ± 0.12 Palmitic acid 0.58 ± 0.57 0.02 ± 0.00 Stearic acid 0.00 ± 0.00 0.09 ± 0.13 Formic acid (1 mg) 3.10 ± 0.57 3.00 ± 0.36
Responses were adjusted by subtracting responses to clean air during the corresponding run from odorant responses. 100 µg of synthetic odorant was applied to filter paper in glass stimulus cartridges and puffed into a filtered and humidified airflow upstream from the antenna. Formic acid (1 mg) was puffed at the end of each odorant run as a positive control.
GC-MS analysis
Chemical analysis of degradation products was accomplished by GC-MS using a ThermoElectron Trace GC coupled to a DSQII quadrupole MS controlled by Xcalibur software. The GC-MS was equipped with a PTV injector, operated in the CTSPLIT mode and a 30 m × 0.25 mm × 0.25 µm film DB5MS fused silica open tubular column (Agilent) using helium carrier gas at 1 mL/min. The injector temperature was maintained at 220 °C with a split flow of 10 mL/ min and a constant septum purge. The oven temperature program started at 30 °C with a 1 min hold and then increased at 4 °C/min to 240 °C. The transfer line from the GC to the MS was maintained at 250 °C. The MS source was maintained at 200 °C and the MS was scanned from m/z 10 to 200 for the first 5 min of the run then scanned from m/z 40 to 400 for the remainder of the run. Compounds were identified by retention index (RI) of the eluted peaks and the background-subtracted mass spectrum averaged across the total ion chromatogram (TIC) peak or across a characteristic extracted ion current peak when co-elution of multiple compounds was detected. The RI database used for identification was generated at USHRL using the same column and GC-MS system. Mass spectra were compared with those recorded in the NIST Library. For identification purposes, RIs had to match within 5 RI units of the average database value and the reverse search of the sample spectrum had to achieve a match of >500 of 1000.
Degradation of citral and β-ocimene to oxidative byproducts was studied over a period of 9 days by collecting headspace volatiles from the Pasteur pipettes stored under laboratory conditions. Toluene was used as a solvent to wash the inside of glass pipettes when needed. Headspace volatiles in Pasteur pipettes loaded with citral or β-ocimene were analyzed by GC-MS at 0, 3, 6, and 9 days after loading. A 1 μL injection in the splitless mode was made using a gas-tight syringe to sample cartridges through a natural rubber septum capping the large end of the Pasteur pipette. Identification of antennally active peaks detected by GC-EAD was done using GC-MS by injecting 1 μL of each of the previously described filter paper extracts of aged citral or β-ocimene.
Statistical analyses of antennal responses to headspace over aged stimulus tubes containing citral and ß-ocimene, and to log doses of 8 citrus volatiles were performed using Statistix software (Statistix 9). Tukey's HSD test was used for post hoc means comparison (α = 0.05) after a significant ANOVA using GLM procedures.
Psyllid probing behavior
A choice assay was designed to study the probing behavior of D. citri in response to odorants. This assay measured both insect orientation from several cm to the source of volatiles (olfaction) and subsequent probing behavior that may result from a combination of olfaction and gustation upon contact with a wax substrate containing odorants. Test compounds were incorporated in a slow-release wax matrix for volatiles (SPLAT, ISCA Technologies, Inc.) and offered to caged D. citri adults (Patt et al. 2013) . Release matrix blends were prepared by adding 6 µL of green food coloring to 10 mL of white SPLAT (resulting in a yellow-green mixture), which was mixed in a vortex rotor for 5 min and combined with odorant compounds. Treatments (SPLAT plus odorants) were applied as narrow strips or beads (2.0 cm × 0.5 cm × 0.1 cm) to glass cover slips (22 mm × 22 mm, Fisherbrand Microscope Cover Glass 12-542-B). Each cover slip received approximately 0.17 mL of SPLAT and 0.7 µL of the odorant(s). The beads were air-dried for 2 h and placed in a completely randomized pattern with replications on the floor of a cubical cage (60 cm × 60 cm × 60 cm, BioQuip). Cohorts of 200 5-to 8-day-old D. citri adults were starved for 6 h and then released into each cage and allowed to probe for 21 h. Cages were held in a temperature and humidity controlled incubator at 26 °C, 75% RH, 24 h light conditions L:D. To visualize stylet sheaths produced by feeding attempts on the SPLAT beads, the cover slips were removed from the cages and beads were stained with Coomassie blue dye, washed in water, and allowed to air-dry. The number of salivary sheaths in each bead was counted under a stereomicroscope at 4× magnification.
Two experiments were performed using response surface methods to identify primary drivers in a 4-component mixture and then in a 2-component mixture-amount design to identify an optimal blend of the primary drivers for maximum probing by D. citri. Experiment designs were generated and analyzed with DesignExpert software (v9, Stat-Ease, Inc.). For the 4-component mixture, the total amount of odorant was constant at 40 µL/10 mL SPLAT. Odorants were formic acid, acetic acid, β-ocimene, and citral. A modified D-optimal mixture design sufficient to satisfy a Scheffé cubic polynomial response surface model (Cornell 2002 ) consisting of 24 odorant combinations was used ( Table 2 ). The entire experiment was replicated 6 times for a total of 144 individual cover slips in 6 blocks (cages). The same design was used in each cage but with unique randomizations of treatments within each cage. All cages were kept in the same environmental chamber at 26 °C and populated simultaneously with cohorts of D. citri. In addition to those needed to satisfy model terms, points (odorant combinations) were added to estimate lack of fit and several points were duplicated to attain sufficient degrees of freedoms to estimate pure error across the design space, provide estimates of block effects, and to attain a near uniform leverage for all points (Weisberg 1985) . The resulting quadratic design had 5 block, 9 model, 87 lack of fit, and 42 pure error degrees of freedom (Myers and Montgomery 2002) . Based on the results from the 4-component blend experiment, we built a 2-component mixture-amount design to identify the optimal blend and concentration of formic and acetic acids to encourage probing of the wax substrate by D. citri. An I-optimal design sufficient to satisfy a Scheffé cubic × cubic polynomial consisting of 40 runs was used (Table 3 ) with 4 replications of the compete design in separate cages. The total amount of odorant varied between 10 and 40 µL. The design had 8 model, 12 lack of fit, and 19 pure error degrees of freedom. Blend proportions selected by the design were produced and assayed for probing response.
Statistical analyses of response surfaces Lapointe et al. (2008) provided a detailed description of the statistical methods used to evaluate similar blend designs. For the probing assays, models were calculated with Design-Expert. Model selection was then based on a lack of aliased terms, low residuals, a low P value, nonsignificant lack of fit, a low SD, high R 2 and a low PRESS (prediction error sum of squares) value. The selected models were then evaluated by adequacy tests described by Anderson and Whitcomb (2005) . A Box-Cox plot (Box and Cox 1964) was used to select the square-root transformation of count data. The optimal blend of formic and acetic acids was calculated with Design-Expert using a simplex hill-climbing algorithm (Anderson and Whitcomb 2005) in a multi-dimensional pattern search that converges at a stationary point. The parameter for optimization was maximum number of probes within the range of odorant proportions tested. The control (no odorant) was, by definition, not included in the 4-component mixture design space because there is no possible intercept in a mixture. To test the hypothesis that the best blend resulted in a greater number of probes than the unscented control, the number of probes on the control was compared by ANOVA with the number of probes observed on the actual blend design point that fell closest to the predicted optimum blend. This prediction was then validated in the 2-component mixture-amount experiment and the predicted optimum was compared with the control treatments to determine if increased probing resulted from inclusion of odorants in the wax matrix.
Results
Methanolic extracts of citrus leaf flushes contained a variety of volatile compounds including α-pinene, β-myrcene, limonene, (Z)-β-ocimene, linalool, citral (neral + geranial), β-caryophyllene and others (Figure 2 ). These and other odorants were also identified from the headspace volatiles collected by SPME over 3 citrus varieties (Supplementary Figure S1) . β-Ocimene, neral and geranial were detected in most plant headspace samples. Formic and acetic acids were not detected in the headspace samples, nor were they detected in the samples of the moisture condensate from the sides of the sampling jars. Acetic and formic acids were readily detected after spiking the collection chamber with the acids (Supplementary Figure S1 ).
Odorants associated with citrus leaf volatile components did not elicit significant EAG responses from D. citri antennae (Table 1) . Antennae from male or female D. citri did not respond to stimulus cartridges loaded with citral or β-ocimene (<3 h-old). However, the same sealed stimulus cartridges elicited large responses from antennae of both male and female D. citri after 3 to 6 days at ambient laboratory conditions (23 °C) suggesting that degradation products were responsible for the electrophysiological response. Figure 3A ) and citral ( Figure 3C ) in stimulus cartridges after 3 days and concomitant appearance of degradation products. Significantly lower amounts of (Z)-and (E)-β-ocimene (P = 0.0007 and P = 0.0005, respectively) were present in the stimulus cartridges on day 3 and successive days compared with fresh stimulus cartridges prepared on day 0. The stimulus cartridges initially loaded with β-ocimene contained higher amounts of acetic acid than formic acid and these degradation products were greatest on day 6 ( Figure 3B ). The peak areas were similar for formic and acetic acids in the stimulus cartridges initially loaded with citral ( Figure 3D ). Peak areas of acetaldehyde, acetone, α,α-dimethyl allyl alcohol, acetic acid and formic acid increased over the duration of the experiment (Figure 4) .
GC-MS analysis revealed a large and rapid decline in both (Z)-and (E)-β-ocimene (
EAG response to degradation products of citral and β-ocimene
EAG recordings of male and female D. citri showed responses to citral and β-ocimene degradation products on days 3, 6, and 9. Antennae of both sexes were not responsive to fresh citral or β-ocimene (day 0) at 100 µg, 10 mg, or neat doses ( Figure 5 ). The degradation of citral elicited significantly higher antennal responses on day 9 (F 2,11 = 7.64; P = 0.01) from males compared with females, but no significant antennal responses were observed on day 0, 3, and 6 [(F 2,11 = 1.08; P = 0.38) (F 2,11 = 3.50; P = 0.07) and (F 2,11 = 4.16; P = 0.05), respectively] to the odorant doses tested ( Figure 5A ). The overall male antennal responses showed a dose effect (F 2,47 = 15.08; P = 0.000) and no effects of day (F 3,47 = 1.43; P = 0.25) or dose × day interaction (F 6,47 = 0.94; P = 0.48) were observed. However, the different citral odorant doses did not elicit significant female antennal responses on days 0, 3, 6, and 9 [(F 2,11 = 0.38; P = 0.69) (F 2,11 = 0.50; P = 0.62) (F 2,11 = 0.47; P = 0.63) and (F 2,11 = 4.11; P = 0.054), respectively] ( Figure 5B ). Male and female psyllids showed higher antennal responses on day 3 onwards with log doses of citral and β-ocimene degrading to new byproducts. Degradation of β-ocimene over 3, 6, and 9 days produced significantly higher antennal responses compared with day 0 (α = 0.05). There were significant differences in antennal responses between the different odorant doses from males ( Figure 5C ) [(F 2,11 = 7.29; P = 0.01) (F 2,11 = 15.35; P = 0.001) (F 2,11 = 10.33; P = 0.004), respectively] and females ( Figure 5D ) [(F 2,11 = 12.42 ; P = 0.002) (F 2,11 = 9.19; P = 0.006) (F 2,11 = 52.00; P = 0.0001), respectively] on day 3, 6, and 9. Male antennal responses to log doses of β-ocimene were significant (F 2,35 = 29.32; P < 0.0001; n = 4), and no effects of day (F 2,35 = 0.75; P = 0.48) or day × dose interaction (F 2,35 = 1.01; P = 0.42) were observed. Female responses to log doses of β-ocimene treatment were also Figure 3 . Mean ± SEM (n = 6 for β-ocimene, n = 2 for citral) relative amount by TIC of neat β-ocimene (A, n = 6) and citral (C, n = 2) in glass stimulus cartridges over 9 days and concurrent formation of formic and acetic acids in the same stimulus cartridges initially containing β-ocimene (B, n = 6) and citral (D, n = 2). Chromatogram showing degradation products in the headspace of glass cartridges initially containing neat (Z) and (E)-ß-ocimene after 6 days. Inset shows the TIC (top) and, below are extracted ion current profiles used for identification of formic acid (mol.wt = 46) and acetic acid (mol.wt = 60) of toluene washes of glass cartridges. significant (F 2,35 = 35.01; P < 0.001; n = 4), but no effects of day (F 2,35 = 0.62; P = 0.5432) or day × dose interaction (F 4,35 = 0.96; P = 0.45) were observed. There was a significant decline in the amount of citral and β-ocimene over time (days) and an increase in oxidation products that elicited antennal responses from both male and female D. citri (Figure 3) . GC-EAD recordings were performed using male and female D. citri to study their response to different degradation products formed from the oxidative breakdown of citral and β-ocimene. D. citri antennae responded to the volatile degradation products of citral and β-ocimene, but not to the parent volatiles. Antennae from male and female D. citri responded to acetic and formic acid presumably formed as oxidation products from citral ( Figure 6A ) or β-ocimene ( Figure 6B ). Antennae of both males and females produced significantly higher EAG responses to acetic acid ( Figures 7A  and 8 ) and formic acid ( Figures 7B and 8 ) at 1 and 10 mg compared with the lower doses (ANOVA, orthogonal contrast, α = 0.05). None of the other compounds, including citral or β-ocimene, produced significant antennal responses from D. citri at any dose within the range tested (Figure 8 ).
Psyllid probing behavior
A preliminary probing assay showed no significant differences (ANOVA, F 7,59 = 0.89) in the number of probes observed in lines of SPLAT blended with acetic acid, β-ocimene, citral, or formic acid as single compounds. More probes were observed on SPLAT containing 20 µL of a 1:1 blend of acetic and formic acid compared with 20 µL of either acid separately or other compounds. The 4-component mixture design produced a highly significant (P < 0.0001) special cubic model that was improved by backward reduction (Table 4) . The square root transformation was applied to the data (number of probes) as per Box-Cox analysis. The model diagnostics were all within acceptable limits. The data appeared normal and displayed constant variance with no outliers, no points that exceeded a Cook's distance of one, and the predicted versus actual value plots showed close agreement. The R 2 statistics (R 2 , R adj 2 , and R pred 2 ) were clustered with a difference less than 0.12. The lack-of-fit test was not significant (Prob > F = 0.1274). Based on these diagnostics, the special cubic model was selected and indicated significant factor effects on the probing response; the model was of sufficient quality to navigate the experimental design space and for predicting new observations. The ANOVA indicated significant terms for component effects and interactions for formic × acetic acids (P < 0.0001) and for formic × citral, and for the 3 factor interaction acetic acid × β-ocimene × citral (P < 0.01). The optimization protocol predicted 3 points on the formic-acetic axis with desirability coefficients >0.5. All 3 were blends of formic and acetic acids with the highest score at an approximately 2:1 blend followed by a 1:1 blend of the 2 acids (Figure 9 ). To test the hypothesis that the best blend tested in the 4-component design actually received a larger number of probes than the control, we compared (ANOVA) the number of probes observed on the control (no odorant in yellow SPLAT) (n = 24) with the number on the 1:1 blend (n = 12). There was no effect of block (cage) (P > F = 0.27) or interaction between block and treatment (P > F = 0.86). The mean ± SEM number of probes observed on the 1:1 blend of formic and acetic acids (36 ± 3, n = 12) was significantly greater (P > F = 0.0002) . EAG responses of male and female Diaphorina citri to log doses of (A) acetic acid or (B) formic acid applied to filter paper in glass stimulus cartridges and puffed over the antennae. Filtered and humidified air (blank) was puffed at the beginning of each recording and 1 mg of formic acid was puffed at the end of each run as a positive control. than the number of probes observed on the control (19 ± 2, n = 24). The 2-component mixture-amount experiment resulted in a significant cubic × linear model (P > F = 0.0002). The square root transformation was applied to the count data. The model diagnostics were all within acceptable limits. The data appeared normal with constant variance and no outliers, no points exceeded a Cook's distance of one, and predicted versus actual value plots showed close agreement. The R 2 statistics (R 2 , R adj 2 , and R pred 2 ) were clustered with a difference <0.2. The lack-of-fit test was not significant (P > F = 0.128). Based on these diagnostics, a cubic × linear model (Table 5 ) was selected and indicated significant factor effects; the model was of sufficient quality to navigate the experimental design space and for predicting new observations. The results from this experiment closely validated the prediction resulting from the 4-component mixture experiment. The linear effect of amount was not large (P = 0.02) compared with the other significant effects (Table 5 ) and more evident for the pure acetic acid blend (Figure 10 ). The optimization algorithm predicted a narrow range of points clustered around a 2:1 blend of formic:acetic acids ( Figure 10 ).
Discussion
Insect vectors and the plant pathogens they transmit limit food production worldwide (Purcell and Almeida 2005) . Citrus greening disease, transmitted by D. citri, is a major threat to the economic sustainability of the citrus industry worldwide. Currently, citrus production in the United States and elsewhere is dependent on intensive insecticide applications to minimize vector density and movement (Tiwari et al. 2011) and nutritional supplementation to ameliorate disease symptoms and extend productive tree life (Schumann et al. 2011) . Identifying semiochemicals from host plants and conspecifics for use in traps or other control applications would help to control the vector and the disease, potentially reducing the use of pesticides. Most of the volatile compounds previously identified from headspace of young leaves of susceptible citrus genotypes (Robbins et al. 2012 ) did not produce a measureable antennal response from male or female D. citri under the conditions of our study by GC-EAD analysis or EAG response to individual neat compounds. This may be related to the relative paucity of chemoreceptors on D. citri antennae ) and the possibility that olfaction plays a subordinate or secondary role in mating and host plant orientation in this species. Attraction to visual cues and orientation to sex-specific stridulation (Wenninger et al. 2009a; Rohde et al. 2013) may condition or supersede volatile stimuli. Several citrus volatiles have been suggested as possible attractants or repellents for D. citri (Wenninger et al. 2009b; Patt and Sétamou 2010; Mann et al. 2012; Robbins et al. 2012) . We tested many citrus volatile odorants by EAG and only a few elicited antennal responses (Table 1) . During our attempts to study these by EAG and GC-EAD, we discovered that antennal responses to the contents of glass cartridges containing filter paper loaded with small amounts of 2 common citrus compounds, β-ocimene [(Z) and (E)-β-ocimene] and citral (neral and geranial), increased dramatically over time when the cartridges were stored on a laboratory bench. We also observed an identical effect when filter paper was not used and the compounds were placed into sealed glass cartridges. GC-MS analysis by SPME and extraction of aged filter paper revealed that β-ocimene and citral began to disappear from the cartridges within 3 days (Figure 3) . GC-EAD of extracts of aged filter paper allowed us to identify formic and acetic acids as the stimulatory compounds that accumulated in the cartridges, presumably the result of oxidative degradation of β-ocimene and citral. This is the first observation that degradation products of constitutive plant volatiles are stimulatory to insect antennae and the first instance of GC-EAD used to identify chemical compounds stimulatory to the antenna of a psyllid species.
The existence of plant airborne signals has been known for centuries and has been well documented for ethylene (Lin et al. 2009 ), methyl jasmonate, linalool, and β-ocimene (Holopainen and Blande 2012) . Monoterpenes such as limonene, α-pinene, β-myrcene, linalool, neral, geranial, and β-ocimene (Figure 2 ) are common citrus volatiles found in the atmosphere surrounding citrus orchards (Park et al. 2013) . Some monoterpenes such as isomers of β-ocimene are known to be unstable in air (Fahlbusch et al. 2003) . Recent studies (Oikawa and Lerdau 2013; Park et al. 2013) have shown that degradation of VOCs is a common phenomenon and that oxidation of acetaldehyde and formaldehyde can produce acetic and formic acids that are released into the atmosphere. The emission rates of these catabolites (formic or acetic acid) are 200-300% higher than the precursor compounds (ethanol, methanol, acetaldehyde, formaldehyde, etc.). Park et al. (2013) showed that monoterpenes comprised approximately 24% of VOC compounds above an orange grove (C. sinensis). They also measured significant amounts of acetic acid (8.4%) either from photochemical degradation of parent compounds or direct plant emission. Blande et al. (2014) suggested that emitted plant signals are modified by the environment and that biotic responses are collectively determined by emitted signals and their degradation products.
Understanding the mechanisms involved in insect sensory perception, integration, and behavior is complex and has advanced along a number of paths in recent years. Integration of the knowledge base Figure 10 . Predicted 3-dimensional surface response plot generated by a 2-component mixture-amount design to validate the predicted optimal blend of formic acid:acetic acid to maximize the number of probes on a wax substrate by Diaphorina citri. Circles are data for design points above (red) or below (pink) the predicted value.
is a challenge, but recent efforts to do so (Renou 2014) emphasize the importance of understanding interactions inherent in mixtures between odorant signals and between odorant receptors (Baker 2009; Su et al. 2012 ). Our finding suggests that an additional level of complexity may exist in the volatile environment surrounding insect habitats. Although it has been generally accepted that many phytophagous insects orient to their host plants based on plant-emitted odors (Bruce et al. 2005; Renou 2014 ), the peripheral sensory system of D. citri appears to be sensitive to compounds that arise through degradation of common plant volatiles that, by themselves, do not elicit antennal or behavioral responses. As often occurs, serendipity contributed to our discovery that common plant volatiles appear to degrade into other distinct small molecules in the environment external to the plant and act as primary physiological and behavioral cues for an arthropod vector. This phenomenon may occur more widely than we currently appreciate. The host range of D. citri is restricted to genera of the family Rutaceae. Despite this rather restricted host range, there has been no report of taxonomically specific compound(s) that play a role in the orientation of this species to its host. Antennae of D. citri bear a small number of olfactory sensilla that could play a role in mate or host location ). However, evidence has not been found to document orientation to host or conspecific odors from a distance. CoutinhoAbreu et al. (2014b) performed extensive single-cell recording from antennal sensilla of D. citri. They identified a 3-component blend that modestly increased trap catch on sticky yellow cards in the field, but such traps remain highly inefficient. It would appear that sensitive olfactory discrimination of suitable host plant tissue from a distance requires a higher degree of olfactory sense sophistication than the insect's morphology suggests. It is more likely that color is the stronger attractant for flighted D. citri to young, emergent and/or diseased foliage (Mann et al. 2012) . Host location by adult D. citri may resemble the "degenerate" mechanism proposed by Kennedy and Stroyan (1959) to explain host plant discovery by species of aphids: random dispersal, visual orientation to yellow wavelengths, and gustatory perception of an arrestant stimulus after landing. This may explain our results wherein formic and acetic acids are highly stimulatory to antennal receptors but do not elicit orientation from a distance. Rather, they may condition a behavioral response (probing) only after alightment on a potential host. This report is the first to identify compounds that elicit antennal responses when presented to the antenna individually by GC-EAD or EAG. The strength and concomitant weakness of these methods is that the odorants are presented to the antennae individually. The perception of a mixture results from the interaction between its individual components giving rise to a neural representation that acquires new characteristics relevant to the odorant mixture (Renou 2014) . Diaphorina citri may respond to odorant blends in the context of a particular olfactory background as demonstrated for Manduca sexta (Patt et al. 2013; Riffel et al. 2014) . Acetic and formic acids have been shown to be present in the air above citrus orchards (Park et al. 2013) . These acids are the only elicitors of antennal response we have been able to consistently demonstrate for D. citri and we hypothesize a role for these compounds in host location or selection. They may play a primary role as attractants or a secondary role as additive or synergistic agents of other, as yet unidentified, odorants. Our inability to demonstrate antennal responses to an array of citrus volatiles suggests that acetic and formic acids may act as primary olfactory cues for D. citri and may have practical use for management of this pathogen vector. A great deal more effort will be required to determine how this finding is relevant to movement of the adult psyllids in the field and how acetic and formic acids interact with other odorants at the level of perception and behavior.
No pheromone has been identified for D. citri. Formic acid, known as an allomone in ants, is also a sex pheromone for 6 ant species (El-Sayed 2014). The list of semiochemical uses for acetic acid is extensive (El-Sayed 2014) . It is designated as an allomone for one species of Phasmida, one species of Uropygi, 5 species of Coleoptera, one species of Hymenoptera and 10species of Heteroptera. Additionally, it is an attractant for 136 species including Diptera, Heteroptera, Hymenoptera, Lepidoptera, and Neuroptera. It is listed as a sex pheromone in 9 species of Heteroptera, 1 species of Hymenoptera, 4 species of Lepidoptera, and 1 species of Orthoptera (El-Sayed 2014).
Male and female psyllids responded consistently to formic and acetic acids by EAG and GC-EAD. Incorporation of those compounds into the feeding assay slow-release matrix allowed us to examine behavioral response to odorant blends. Probing by D. citri of the feeding substrate increased with the addition of a blend of formic and acetic acids compared with the unscented control. We are now pursuing the hypothesis that additional odorant compounds, not stimulatory by themselves, may augment the probing response when combined with formic and acetic acids. The 4-component blend experiment suggested that β-ocimene and citral did not contribute to increased probing. The model predicted that an optimal response (greatest number of probes) would occur in response to a 2-component blend along the formic-acetic acid axis even though that particular combination was not included as a design point (Figure 9) . Validation of the predicted optimum was obtained by the 2-component mixture-amount experiment (Figure 10 ) that confirmed a 2:1 formic:acetic blend as optimal for stimulating the probing response. Current work concentrates on introducing additional odorant compounds into the design space to identify mixtures capable of eliciting greater substrate probing than we have obtained with the 2:1 formic:acetic acid blend. The most evident application of that knowledge could be an attract-and-kill formulation that would greatly increase the specificity of pesticide applications and thereby reduce nontarget effects of insecticides currently used to control D. citri in commercial citrus. These methods could be applied to other phytopathogen vectors for practical management.
We were unable to detect acetic and formic acids in the headspace over healthy potted citrus under the conditions of our study. However, we have not demonstrated that D. citri in nature responds to acetic and formic acids arising as degradation products or simply as naturally produced secondary metabolites directly emitted by citrus trees as may occur under field conditions. Nonetheless, the role of degradation products of parent volatile compounds in the orientation of organisms to their hosts may be an area worthy of increased investigation.
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